to their migratory restlessness behavior, perform repeated head-scanning behavior (see movies in the Supplemental Data available with this article online). A naïve observer (W.K.) counted the number of head scans performed by each individual bird during a 1 hr period. We Henrik Mouritsen,* Gesa Feenders, Miriam Liedvogel, and Wiebke Kropp Volkswagen Nachwuchsgruppe "Animal Navigation" Institute of Biology University of Oldenburg D-26111 Oldenburg defined a head scan as the turn of the bird's head from the body axis position to an angle turned clearly more Germany than 60Њ to the left or right, followed by the subsequent return of its head to the straight-ahead position while the bird remained at the same spot ( Figure 1D ). By reSummary quiring that the bird must return its head to the body axis position before moving in the cage, we avoided Night-migratory songbirds are known to use a magcounting head turns, which always precede movement netic compass [1-3], but how do they detect the referin a new direction. The side-view camera showed that ence direction provided by the geomagnetic field, and the head-scanning behavior was performed in the horiwhere is the sensory organ located? The most prominent zontal plane. Sometimes a bird makes a head scan to characteristic of geomagnetic sensory input, whether one side only; other times, one head scan is immediately based on visual patterns [4-7] or magnetite-mediated followed by another head scan in the opposite direction. forces [8, 9], is the predicted symmetry around the Four pieces of evidence strongly suggest that headnorth-south or east-west magnetic axis. Here, we show scanning behavior is directly involved in the process of that caged migratory garden warblers perform headsensing the geomagnetic reference direction needed for scanning behavior well suited to detect this magnetic magnetic compass orientation. symmetry plane. In the natural geomagnetic field, First, garden warblers exposed to a zero-magnetic birds move toward their migratory direction after head field (ZMF) made 141 Ϯ 33 (SD) head scans in 60 min, scanning. In a zero-magnetic field [10], where no symwhereas birds tested under any other magnetic condimetry plane exists, the birds almost triple their headtion only made 52 Ϯ 35 (SD) head scans in 60 min scanning frequency, and the movement direction after (see Figure 1E ). The increased head-scanning frequency a head scan becomes random. Thus, the magnetic observed in the ZMF birds is highly significant (onesensory organ is located in the bird's head, and head way ANOVA followed by Tukey all pair-wise comparison scans are used to locate the reference direction pro- 
per minute (Figures 1E and 2B) . The fact that the birds for a few seconds, most birds returned to the perch, where they usually sat still for 10-60 s before reinitiating migracontinued to perform regular head scans throughout the tory restlessness behavior. During this period of sitting night, even in the natural magnetic field, suggests that still after a flight, the birds seem to reorient themselves they have not transferred magnetic information to other before continuing their migratory restlessness behavior. cues in their cage or surroundings. This is evidenced by a highly significant 2-fold increase Third, during migratory restlessness behavior, most in head-scanning frequency during the first minute followgarden warblers made occasional flights to the top of ing a flight off the perch compared with any other 1 min the cage followed by fluttering around and landing on the period (176 head scans observed in 93 1 min periods bottom of the cage. After sitting at the bottom of the cage immediately after a flight compared to 225 head scans observed in 238 other 1 min periods; chi-square test: df ϭ 1, 2 ϭ 49.5, p Ͻ 0.001). Fourth, if head scans indeed help garden warblers detect the reference compass direction provided by the geomagnetic field, one should expect that the birds in the natural magnetic field move more toward than away from their mean migratory direction after performing a head scan, whereas the direction of movement after a head scan in a zero-magnetic field should be close to random. We tested this by observing the garden warblers' very first move immediately after they performed a head scan. This was done by placing an arrow on the TV monitor pointing in the overall mean direction of the individual bird. Then, if a bird with a mean orientation of 205Њ, for example, performs a head scan while sitting on the circular perch at 140Њ, a clockwise move along tion. Otherwise, no clear correct migratory direction havior is a result of their repeated, unsuccessful attempts to find a symmetry plane or pattern that does not exist.
The fact that head scanning seems to be used by garden warblers to detect the compass direction of the geomagnetic field confirms that their magnetic sensor must be located in the head. If head scanning is performed by all birds, this will remove an important uncertainty in our search for the avian magnetic sensor and would provide crucial knowledge when designing magnetic-manipulation devices for free-flying birds [12] . Furthermore, virtually all psychophysical experiments designed to elucidate the functional characteristics of the avian magnetic compass have been unsuccessful [13] . We suggest that head scan counts can be used as a 
